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(54) Degraded actuator detection

(57) An actuator control system (10) includes an ac-
tuator (40) continuously movable between multiple posi-
tions. A controller (18) is configured to command the ac-
tuator to a desired actuator (40) position and to apply the
command to an actuator model (24). The controller (18)
is configured to compare the modeled and actual actuator
positions to determine if the position difference exceeds
a fault detection accommodation limit and if the position
difference is within a band that is different than the fault

detection accommodation limit. The controller (18) is con-
figured to calculate a threshold (30), which is based upon
an estimated load on the actuator (40). The controller
(18) is configured to calculate a band comprised of the
threshold (30) applied to the modeled position and to
determine if the actual actuator position is within the cal-
culated band. The threshold (30) is calculated at regular
intervals, and a fault is declared if the actual actuator
position is outside the band for a number of consecutive
intervals.
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Description

BACKGROUND

[0001] This disclosure relates to an actuator for use in
an aircraft, for example. More particularly, the disclosure
relates to an actuator health monitoring system and
method.
[0002] Electro-hydraulic actuators are used in a
number of aerospace applications to translate electrical
commands into motion. This motion may be used to move
aerodynamic control surfaces, adjust fuel and/or airflow,
and the like. Because the proper operation of these ac-
tuators is critical to the operation of the system (e.g. air-
craft, engine, etc.), it is critical to know the health of the
actuation system.
[0003] Control systems are designed to be failure tol-
erant. If a failure is detected, the system is designed such
that there is an accommodation that can be taken, either
switching to an identical backup system, or other similar
mitigation. In the case of flight critical systems, the de-
tection of such faults must be made quickly, usually in a
matter of milliseconds. A method commonly used in the
art is an open loop failure detection scheme. In this
scheme, the actuator position (from a position measuring
device) is compared to the commanded position. The
actuator is declared failed if the actuator does not move
to the commanded position within the designated time
frame. Otherwise, it is declared good. There may be a
simple actuator model used to improve the fidelity, which
is typically termed fault detection and accommodation
(FDA), and is well known in the art.
[0004] In order to reduce the false alarm rate, the
thresholds for this check are usually quite high. This is
due to a number of factors. Since the FDA logic is calcu-
lated at a high rate, the actuator will not move very much
between calculations, so position sensor accuracy and
resolution can become large errors. These measurement
errors magnify other error sources, such as mechanical
loading on the actuator, normal tolerances, etc. In order
to have an acceptably low failure rate, the fault threshold
has to be set low in order to account for these errors.
Typically the actuator has to be running at 50% or less
of its normal speed to be declared failed by FDA.
[0005] There are many failure modes of actuators and
actuation systems that provide advanced warning, such
as seal leakage, shorted torque motor coils, binding link-
ages, abnormally increased loads, clogged hydraulic fil-
ters, etc. These failure modes would present themselves
as the actuator running at slower than normal speed. It
would be useful to be able to reliably detect actuators
that were operating in the less than normal but above
FDA limit (50%) range in order to replace these actuators
or otherwise address the faults, before advancing to the
failed state that requires accommodation by the control
system.

SUMMARY

[0006] An embodiment of actuator control system is
disclosed herein that includes an actuator continuously
movable between multiple positions. A position sensor
is configured to detect the multiple positions, which in-
cludes an actual actuator position. A controller is in com-
munication with the actuator and the position sensor. The
controller is configured to command the actuator to a
desired actuator position. The controller is configured to
apply the command to an actuator model. The controller
is configured to compare the modeled and actual actuator
positions to determine if the position difference exceeds
a fault detection accommodation limit and if the position
difference is within a band that is different than the fault
detection accommodation limit. The controller is config-
ured to calculate a threshold. The calculation is based
upon an estimated load on the actuator. The controller
is configured to calculate a band comprised of the thresh-
old applied to the modeled position. The controller is con-
figured to determine if the actual actuator position is with-
in the calculated band. The threshold is calculated at reg-
ular intervals, and a fault is declared if the actual actuator
position is outside the band for a number of consecutive
intervals.
[0007] These and other features of the application can
be best understood from the following specification and
drawings, the following of which is a brief description.

BRIEF DESCRIPTION OF THE DRAWINGS

[0008] This disclosure can be understood by reference
to the following detailed description when considered in
connection with the accompanying drawings wherein:

Figure 1 is a highly schematic view of an actuator
control system.
Figure 2 is the overall block diagram of an example
degraded actuator detection method.
Figure 3 is a detail of one example threshold calcu-
lation used in Figure 2.

DETAILED DESCRIPTION

[0009] Figure 1 is a highly schematic view of an actu-
ator control system 10. An actuator 40 controls a com-
ponent 12. The example components discussed in this
disclosure are for an aircraft turbojet engine, but the
method is applicable to any closed-loop control system
where failure detection is desired. The actuator 40 in-
cludes a position sensor 16 that detects the position of
a feature associated with the actuator 40, for example,
the position of a valve or output rod. The sensor 16 com-
municates with a controller 18. The controller 18 also
communicates with the component 12. The controller 18
commands the actuator to a desired position and moni-
tors the health of the actuator 40. The controller 18 pro-
vides a fault if the actuator 40 is degraded so that an
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accommodation can be made. The controller 18 can be
separate or integrated software and/or hardware.
[0010] In one example of the method, it is assumed
that the actuator 40 is controlled in a typical outer-loop/
inner-loop control system, well understood in the art. The
controller 18, in the example of an aircraft turbojet engine,
a full authority digital engine control (FADEC), com-
mands a change in the position of a valve. One example
would be a valve that controls fuel flow, and the change
could be from 25% flow to 50% flow. The "outer loop"
command is the step change from 25% to 50% flow. The
"inner-loop" circuit handles the details of changing the
drive to the actuator 40, dealing with the actuator dynam-
ics, etc., in order to accomplish the outer-loop command.
The inner-loop circuit can be analog circuitry, digital cal-
culations, or a combination of both.
[0011] In one example of the method, it is assumed
that the conventional fault detection and accommodation
(FDA) is operating simultaneously. Conventional FDA is
still desired to detect and accommodate faults that hap-
pen suddenly. The example method is intended as a sup-
plement to conventional FDA, for example.
[0012] Actuators are available in many different forms,
with considerable variation within those forms in terms
of speed, accuracy, dynamic response, method of con-
trol, etc. The method described is generic for most actu-
ators. However, the details of the method will be specific
to a specific actuator based upon, for example, actuator
model, dynamics, load characteristics, etc. When the
term "actuator model" is used, it is intended to mean the
model for the specific actuator on which the method is
being employed. The generic method can be used on
many different actuators on the same engine, aircraft, or
system under control. The actuator models, look-up ta-
bles, and thresholds may vary from individual actuator
to actuator.
[0013] An example method 20 of detecting a degraded
actuator is schematically illustrated in Figure 2. An actu-
ator command 22 is the outer-loop command signal from
the FADEC. An actuator model 24 is an analytical model
of the dynamics of the actuator. This is typically a first-
order model for computational simplicity, and represents
the dynamics of an "ideal" actuator. In one embodiment
of the method, the degraded actuator detection method
is calculated by a digital system, such that the calcula-
tions are performed periodically on a regular, set time
interval. This time interval is called the calculation time
interval, or delta time (DT). In typical control systems,
this DT is less than the response time of the actuators,
but not so short as to require large amounts of computing
power. Typically the DT will be in tens of milliseconds,
but the value depends on the system being controlled.
The method can also be embodied as a continuous (an-
alog) system. The examples will be for the discrete, digital
system.
[0014] The output of the actuator model is an expected
actuator position 26. This is a position signal the analyt-
ical actuator model 24 calculates the actuator to move

to under the actuator command 22. An actual actuator
position 42 is the output signal of the position sensor 16
on the real, hardware actuator 40. The actuator 40 re-
ceives the same outer-loop, actuator command 22 as the
actuator model 24.
[0015] A threshold value 30 is calculated using the al-
lowable variation between the expected actuator position
26 and the actual actuator position 42. Calculation of the
threshold value 30 is schematically shown at 28 is shown
in Figure 2. The threshold value 30 is summed with ex-
pected actuator position 26 in sum junction 32 to produce
an upper band value 36. The threshold value 30 is sub-
tracted from expected actuator position 26 in sum junc-
tion 34 to produce a lower band value 38.
[0016] The upper and lower bands values 36, 38 com-
prise a window of allowable variation around the expect-
ed actuator position 26. Decision block 44 compares the
actual actuator position 42 with upper and lower band
values 36, 38. If the actual actuator position 42 lies within
the upper and lower band values 36, 38, the actuator 40
is operating within limits, and no fault is declared, as in-
dicated at block 43.
[0017] The example method 20 will detect if the actu-
ator is running faster than the expected rate, in which
case it would exceed the upper band 36. While this is a
less common failure mode, it is a possible condition, and
the degraded actuator method will detect an undesirably
fast actuator response time. The following examples will
use the more common failure mode of an actuator run-
ning slower than desired. The upper band calculation can
be omitted if this failure mode is not appropriate for the
actuator or system under consideration.
[0018] If the actual actuator position 42 lies outside of
the upper and lower band values 36, 38, a potential fault
is declared, as indicated at block 45. Persistence 45 is
applied to the potential fault. Persistence consists of a
strategy requiring the fault to be declared for a certain
period of time to reduce false alarms from noise and other
disturbances. One embodiment of persistence would be
for the potential fault to be declared for predetermined
events corresponding to, for example, three consecutive
DTs in order to trigger an actual fault. If the potential fault
is declared for two consecutive DTs, but is clear on the
third DT, no actual fault would be declared.
[0019] The number of DTs required for the persistence
check can be a function of the individual actuator and
how it is used. Since the degraded actuator detection
method 20 does not require the same immediate answer
as FDA because repair can only take effect when the
aircraft has landed, the more DTs used in the persistence
check, the lower the false alarm rate. However, the de-
graded actuator detection method 20 is only effective
when the actuator is moving. In the example of the fuel
valve actuator, the valve can only move between 0% and
100% flow, and is likely to be moved from one set position
to another set position, which will take a finite time. If the
sum of the persistence check DTs is much greater than
that finite time to move from 0% to 100%, a degraded
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actuator would likely never be detected, because even
a slow actuator would reach the end point and stop before
the persistence time is complete.
[0020] In one example rule of thumb, the sum of the
DTs in the persistence calculation 45 should be less than
one-half of the stop-to-stop maximum slew rate of the
actuator 40. This accounts for actuators that do not move
the full range in normal operation. As an example, if the
actuator 40 slews from one extreme position to the other
in 0.5 seconds, the maximum persistence check time
should be 0.25 seconds (one-half of 0.5 seconds). If the
DT of the system is 50 milliseconds (0.05 seconds), then
the persistence check should be no more than 5 DTs
(0.25 seconds divided by DT time of 0.05 seconds). This
rule of thumb can be adjusted for the way the actuator is
used. If the actuator normally moves full range, the one-
half multiplier can be increased, but still less than a value
of one. If the actuator normally only moves in small in-
crements, the multiplier will have to be reduced from one-
half.
[0021] An improvement the example method provides
over conventional FDA is that the example method can
take a long time to detect a degraded actuator and still
provide valuable information. Since the accommodation
is a repair or replacement of the actuator after the aircraft
has landed, the method can "wait" for a condition ideal
for detection that may only occur once or twice in a flight.
This allows a longer persistence check (more DTs) and
resultant lower false alarm rate. In the example of a tur-
bojet engine fuel valve for a commercial airliner, during
most of the flight the fuel valve moves very little. This
would require a very short persistence time to detect,
resulting in a high false alarm rate. However, at take off,
the throttle is advanced sharply, and fuel flow moves from
low (idle) to near full open (take off thrust), which would
be a large excursion of the valve. Thus, even a long per-
sistence time would catch a degraded actuator. Although
the opportunity only happens once per flight, this exam-
ple would be a candidate for a long persistence time.
[0022] The threshold calculation 28 is shown in Figure
3. The first step is to calculate the load on the actuator
40. A heavily loaded actuator will run slower than a lightly
loaded actuator, and accounting for this difference is
used to improve the accuracy of the threshold calculation
28. The threshold calculation 28 comprises three ele-
ments: a transient element 62, a steady-state element
(or position offset) 70 and a compensation element 72.
[0023] To calculate the transient element 62, block 48
estimates the actuator load using inputs of the actuator
position 42, other engine/aircraft parameters 46, and a
look-up table or model 52. The load on an actuator is
typically a function of the actuator position and some oth-
er engine or aircraft parameter. In the example of the
turbojet engine fuel valve, the force on the valve and the
actuator driving it will vary with valve position and fuel
pressure. Fuel pressure is usually supplied by a gear-
pump driven by an engine spool, so the load would be a
function of position and spool speed (engine parameter).

In the case of an aircraft control surface, the load would
be a function of the position of the surface and the aer-
odynamic forces on it, which would be related to airspeed
and aircraft angle of attack (aircraft parameters).
[0024] The actuator position 42 and engine/aircraft pa-
rameters 46 are applied to a look-up table or actuator
model 52 that provides the maximum actuator slew rate
for that set of parameters. The maximum slew rate can
be calculated empirically by testing a number of actuators
or by analytical analysis of the actuator design con-
straints. The result is a maximum slew rate for load 50.
[0025] The maximum slew rate for load 50 is a velocity.
When multiplied by the calculation time DT 54 in multiplier
58, the result is the maximum distance 59 the actuator
could move in the time DT, given the load 50. The max-
imum distance 59 is then multiplied in unit 60 by the al-
lowable degradation threshold 56. The allowable degra-
dation threshold 56 is the value 1 minus the desired fault
threshold. As an example, it is desired that an actuator
be declared degraded if it moves slower than 80% of the
expected rate. Therefore, it is acceptable if it runs be-
tween 80% and 100% of the expected rate, which is a
maximum allowable degradation of 20%. In this case,
the allowable degradation threshold 56 would be 1-0.8,
which is 0.2 or 20%. The result of the multiplication in
unit 60 is the transient element 62 of the threshold cal-
culation 28.
[0026] To calculate the steady state element 70, an
actuator null shift 64 is divided by the inner-loop actuator
control gain 66 in dividing element 68. The null shift 64
is a characteristic of the individual actuator 40. In an ideal
case, a zero command to an actuator will result in zero
position. However, due to production tolerances and
wear, a zero command to an actuator will result in some
actuator offset. The amount of command required to be
input in order to result in zero offset is called the null shift,
which is the amount off of zero required to "null" the move-
ment. This is calculated by the system by setting the ac-
tuator command 22 to zero and measuring the actuator
offset. This value is stored by the controller 18. In some
embodiments, it may be updated by the controller 18 at
regular intervals to account for system wear. The null
shift 64 is divided by the actuator inner-loop control gain
66 to produce a position offset 70. This is the distance
the actuator 40 would move if the actuator null shift 64
is not accounted for.
[0027] The compensation element accounts for any er-
ror in the actuator model 24 due to system dynamics.
The actuator model 24 is typically a first-order model for
computational simplicity, and represents the dynamics
of an ideal actuator. However, real actuation systems are
typically second order or higher systems. The dynamic
compensation 72 is a constant that accounts for some
of the error in a first-order representation of a higher-
order system. The value of the dynamic compensation
is a function of the system dynamics, including time con-
stant(s) of the actuator 40, the implementation of the ac-
tuator model 24 and the calculation time interval, DT. In
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the typical case where the DT is much less than the sec-
ond-order time constant of the actuator (fast DT, slow
actuator), there will be minimal impact from the modeling
error and the dynamics compensation value can be set
to zero. The dynamic compensation 72 would be used
as an adjustment in cases where, due to system design
constraints, the system update rate, DT, starts to ap-
proach the second and higher order time constants of
the actuator 40. This value can be calculated analytically
through methods well known in the art, resulting in a sim-
ple constant. As an alternative, the fidelity of the actuator
model 24 could be improved by making it more complex,
but using a pre-determined constant results in less com-
putation with the same results.
[0028] Unit 74 is a summation of the transient element
62, steady state element 70, and if required, the dynamics
compensation element 72. The output of unit 74 is the
threshold value 30 used in Figure 2.
[0029] Although an example embodiment has been
disclosed, a worker of ordinary skill in this art would rec-
ognize that certain modifications would come within the
scope of the claims. For that reason, the following claims
should be studied to determine their true scope and con-
tent.

Claims

1. A method of detecting a degraded actuator (40) com-
prising the steps of:

a) commanding an actuator (40) to a desired
actuator position;
b) detecting an actual actuator position of the
actuator (40);
c) comparing the desired and actual actuator po-
sitions to determine if the actual actuator posi-
tion exceeds a fault detection accommodation
limit;
d) comparing the desired and actual actuator
positions to determine if the actual actuator po-
sition is within a band that is different than the
fault detection accommodation limit;
e) calculating a threshold (30) at a regular inter-
val based upon an estimated load on the actu-
ator (40);
f) applying the threshold (30) to adjust the band;
and
g) determining if the actual actuator position is
within the adjusted band.

2. The method according to claim 1 comprising the step
of applying an actuator model (24) to the desired
actuator position prior to the comparing steps to pro-
duce an expected actuator position, the comparing
steps including comparing the expected and actual
actuator positions.

3. The method according to claim 2, wherein the actu-
ator model (24) is based upon a first order system
producing an error in the expected actuator position,
and step e) includes providing a dynamic compen-
sation constant to reduce the error.

4. The method according to claim 1, 2 or 3, wherein the
band includes upper and lower bands.

5. The method according to any preceding claim com-
prising the step of triggering a first fault if the fault
detection accommodation limit is exceeded, and
commanding a system accommodation in response
to the first fault.

6. The method according to any preceding claim com-
prising the step of repeating steps e) - g) for a pre-
determined number of events.

7. The method according to claim 6 comprising the step
of triggering a second fault if the actual actuator po-
sition is outside the adjusted band for the predeter-
mined number of events, the predetermined number
of events, optionally, being a consecutive number of
events.

8. The method according to any preceding claim com-
prising the step of determining actuator load by ref-
erencing the actual actuator position relative to an
actuator load model and at least one of engine and
aircraft parameters.

9. The method according to claim 8, wherein step e)
includes multiplying the time interval and the actuator
load to produce a maximum distance (59).

10. The method according to claim 9, wherein step e)
includes multiplying an allowable actuator degrada-
tion threshold (56) and the maximum distance (59).

11. The method according to any preceding claim,
wherein the actuator (40) includes an actuator null
shift (64), and step e) includes dividing the actuator
null shift (64) by the actuator driver gain to produce
a position offset (70).

12. The method according to any preceding claim,
wherein step e) includes summing transient, steady-
state and dynamic elements to produce the threshold
(30).

13. The method according to claim 12, wherein the tran-
sient element includes the actuator load multiplied
by the time interval.

14. The method according to claim 13 as dependent on
claims 11 and 12 comprising the step of applying an
actuator model to the desired actuator position prior
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to the comparing steps to produce an expected ac-
tuator position, the comparing steps including com-
paring the expected and actual actuator positions,
wherein the actuator model is based upon a first or-
der system producing an error in the expected actu-
ator position, and wherein the dynamic element in-
cludes providing a dynamic compensation to reduce
the error.

15. An actuator control system (10) comprising:

an actuator (40) movable between multiple po-
sitions;
a position sensor (16) configured to detect the
multiple positions, which includes an actual ac-
tuator position;
a controller (18) in communication with the ac-
tuator (40) and the position sensor (16), the con-
troller (18) configured to command the actuator
(40) to a desired actuator position, wherein the
controller (18) is configured to compare the de-
sired and actual actuator positions to determine
if the actual actuator position exceeds a fault
detection accommodation limit and if the actual
actuator position is within a band that is different
than the fault detection accommodation limit,
wherein the controller (18) is configured to cal-
culate a threshold (30) if the actual actuator po-
sition is within the band, the calculation based
upon an actuator load on the actuator (40), and
wherein the controller (18) is configured to apply
the threshold (30) to adjust the band and deter-
mine if the actual actuator position is within the
adjusted band.
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